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Lipid membraneThis study describes the interaction between sodium dodecyl sulfate (SDS) and membrane proteins
reconstituted into large unilamellar lipid vesicles and detergent micelles studied by circular dichroism
(CD) and polarity sensitive probe labeling. Speciﬁcally, we carried out a comparative study of two aquaporins
with high structural homology SoPIP2;1 and AqpZ using identical reconstitution conditions. Our CD results
indicate that SDS, when added to membrane-reconstituted aquaporins in concentrations below the SDS
critical micelle concentration (CMC, ~8 mM), causes helical rearrangements of both aquaporins. However, we
do not ﬁnd compelling evidence for unfolding. In contrast when SDS is added to detergent stabilized
aquaporins, SoPIP2;1 partly unfolds, while AqpZ secondary structure is unaffected. Using a ﬂuorescent
polarity sensitive probe (Badan) we show that SDS action on membrane reconstituted SoPIP2;1 as well as
AqpZ is associated with initial increased hydrophobic interactions in protein transmembrane (TM) spanning
regions up to a concentration of 0.1× CMC. At higher SDS concentrations TM hydrophobic interactions, as
reported by Badan, decrease and reach a plateau from SDS CMC up to 12.5× CMC. Combined, our results show
that SDS does not unfold neither SoPIP2;1 nor AqpZ during transition from amembrane reconstituted form to
a detergent stabilized state albeit the native folds are changed.cular dichroism; CMC, critical
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The interaction between SDS and membrane proteins is not well
understood. Anomalous migration of membrane proteins in SDS-PAGE
has nourished speculations of what effects SDS molecules may impose
on membrane protein structure [1]. An intriguing issue of SDS is that
protein interactions with SDS micelles has been reported to be able to
promote formation of ordered α-helical protein conformations, also of
initially non-helical proteins [2]. In this perspective, studies of SDS
interaction with peptides have recently suggested that SDSmicelles arecapable of mimicking the native environment of membrane proteins
[3]. NMR and X-ray studies of membrane proteins and model TM
peptides have reported secondary and tertiary conformations when
solubilized in SDS that correlates well with crystal structures obtained
without SDS (reviewed in [4]).
On the contrary, SDS unfolding of several polytopic membrane
proteins in solution including diacylglycerol kinase (DGK) [5],
bacteriorhodopsin (BR) [6,7] and rhodopsin [8,9] has been described.
Although addition of SDS to BR, rhodopsin or DGK folded in detergent
micelles causes highly cooperative spectroscopic changes, which have
been interpreted as unfolding, there is no clear evidence that these
spectral changes represent a folding–unfolding equilibrium [4].
Recent folding studies of rhodopsin failed to show explanatory
correlation between absorbance and circular dichroism (CD) at the
threshold where SDS induced spectroscopic absorbance changes of
rhodopsin [8,9].
CD spectroscopy is a commonly applied tool to address secondary
structures of peptides and proteins. Model peptide studies ofα-helical
coil-coils and single helices structural differences revealed that the
ratio of ellipicities at 208 nm and 222 nm could be used for structural
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[10,11]. A 222/208 nm ellipicity ratio of ≥1 was reported consistent
with α-helical coil-coiled arrangement, while a ratio b1 correlated
with single helix [12]. Decreased ellipicity at 222 nm has been
consistently interpreted as unfolding [9,13]. However, a decreased
ellipicity at 222 nm alone does not necessarily picture protein
unfolding but, depending on the ellipicity at 208 nm, it could rather
be consistent with helical rearrangements of membrane protein
helices as demonstrated in model peptide studies.
Previous reported SDS unfolding/refolding experiments have
exclusively been carried out in aqueous membrane protein solutions,
consisting of detergent micelles (e.g. decylmaltoside (DM) or dode-
cylmaltoside (DDM)) or mixed lipid/detergent bicelle systems (e.g.
L-α-1,2-dimyristoylphosphatidylcholine(DMPC)/3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate (CHAPS)) [7,14–18].
Unfolding in detergent micelles or mixed lipid/detergent bicelle
solutions therefore rely on efﬁcient displacement by SDS of the
detergent and/or lipid molecules that otherwise shields the hydropho-
bic segments of the membrane protein. Thus, the molecular forces
exerted on membrane proteins as well as the structural and molecular
interactions of SDS/detergent or SDS/detergent/lipid micelle protein
solutions are very complex.
Large unilamellar vesicles represent a membrane model system
as opposed to protein/detergent micelle or protein/detergent/lipid
mixed solutions. Here we reconstituted the α-helical polytopic
aquaporins SoPIP2;1 and AqpZ into large unilamellar vesicles, which
were subsequently titrated with SDS. We carried out equilibrium
folding studies of the structural protein reorganizations imposed by
SDS on membrane-reconstituted proteins. We demonstrate that
results interpretations give a more detailed picture of the protein
folding mechanisms taking place in the membrane and during
protein solubilization. Our results indicate that SDS does not unfold
the α-helical polytopic membrane proteins studied here, provided
the aquaporins are residing in a lipid bilayer prior interaction with
SDS. Interestingly, our results give insight to the mechanism of
detergent solubilization of membrane proteins from a membrane
reconstituted protein state.
2. Material and methods
2.1. Reagents
The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), E. coli
total lipid extract and 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL,
USA). The ﬂuorescent dye 6-bromoacetyl-2-dimethylaminonaphtha-
lene (Badan) and polyacrylamide gel Econo-Pac 10DG desalting
columns (Bio-Rad) for puriﬁcation of dye-protein conjugations were
obtained fromAnaSpec (Fremont, CA, USA). Octyl-β-D-glucopyranoside
(OG) was purchased from Anatrace, Inc. (Maumee, OH, USA).
Cholesterol, SDS, Tris, phosphate buffered saline (PBS) (10 mM sodium
phosphate, 138 mM sodium chloride, 2.7 mM potassium chloride, pH
7.4) and 99.5% glycerol were obtained from Sigma Aldrich Denmark
(Brøndby, Denmark). All other chemicals used were of analytical grade
and purchased from commercial sources.
2.2. Heterologous protein overexpression of spinach SoPIP2;1 and
bacterial AqpZ
Spinach aquaporin SoPIP2;1 was kindly provided by Professor
Urban Johansson, Department of Biochemistry, Lund University,
Sweden. The protein was overproduced in the methylotrophic yeast
Pichia pastoris as His-tagged protein with a myc epitope, which was
subsequently puriﬁed using Ni-afﬁnity chromatography as previously
described [19]. The protein was delivered solubilized in PBS (10 mM
sodium phosphate, 138 mM sodium chloride, 2.7 mM potassiumchloride, pH 7.4) supplemented with 1% OG and 10% glycerol. The
SoPIP2;1 protein was stored at −80 °C until use.
Functional AqpZ was overproduced in E. coli strain BL21(DE3)
bacterial cultures as His-tagged protein with a tobacco etch virus
cleavage site. The fusion protein has 264 amino acid and a Mw of
27,234 Da. Genomic DNA from E. coli DH5α was used as a source for
amplifying the AqpZ gene. The AqpZ gene was ampliﬁed using gene
speciﬁc primers with the addition of a tobacco etch virus cleavage site
(TEV); ENLYFQSN at the N-terminus of AqpZ. The ampliﬁed AqpZ was
digested with the enzyme NdeI and BamHI and then ligated to the
similarly digested 6-His tagged expression pET28b vector DNA. The
positive clones were veriﬁed by PCR-screening. Then the authenticity
of the constructs was conﬁrmed by DNA sequencing. The E.coli strain
BL21(DE3)was used for expression of the protein. Luria Broth cultures
containing 50 μg/ml Kanamycin were incubated for 13–16 h at 37 °C,
diluted 100-fold into fresh LB broth and propagated to a density of
about 1.2–1.5 (OD at 600 nm). Expression of recombinant protein was
induced by addition of 1 mM IPTG for 3 h at 35 °C before
centrifugation.
Harvested cell were resuspended in ice cold binding buffer (20 mM
Tris pH 8.0, 50 mMNaCl, 2 mMβ-mercaptoethanol, 10% glycerol) in the
presence of 0.4 mg/ml lysozyme, 50 units Bensonase and 3% OG The
sample was subjected to ﬁve times lysis cycles in a microﬂuidizer at
12,000 Pa. Insoluble material was pelleted by 30min centrifugation at
40,000×g. The supernatant was passed through a Q-sepharose fast ﬂow
column (Amersham Pharmacia), and the ﬂow through was collected.
The ﬂow though fraction was topped up with NaCl to 300 mM before
loaded onto a pre-equilibratedNi-NTA column. The columnwaswashed
with 100 column volumes of awash buffer (20 mMTris pH 8.0, 300 mM
NaCl, 25 mM Imidazole, 2 mM β-mercaptoethanol, 10% glycerol) to
remove non-speciﬁcally bound material. Ni-NTA agarose bound
material was eluted with ﬁve bed volumes of elution buffer (20 mM
Tris pH 8.0, 300 mM NaCl, 300 mM Imidazole, 2 mM β-mercaptoetha-
nol, 10% glycerol, containing 30 mMOG. AqpZwas further puriﬁedwith
anion exchange chromatography; monoQ column (GE healthcare). The
mixture sample was diluted and concentrated to bring the salt and
imidazole concentration to approximately 10 mM with an Amicon
concentrator, membrane cut off of 10,000 Da before loading onto a
MonoQ column. The buffer used during anion exchange chromatogra-
phywas (A) 20 mMTris pH 8.0, 30 mMOG, 10% glycerol and (B) 20 mM
Tris pH8.0, 1 MNaCl, 30 mMOG, 10% glycerol. The eluted peak fractions
containing AqpZ from the ion exchange column were pooled. The
puriﬁed AqpZ was kept frozen at−80 °C.
2.3. Fluorescent labeling of spinach SoPIP2;1 and E. coli AqpZ aquaporins
Spinach aquaporin SoPIP2;1 and E. coli AqpZ were labeled with
Badan. Synthesis and handling of Badan-derivatized proteins was
carried out under dim light. To carry out the reaction, 10-fold molar
excess of Badan to protein from a 20 mM stock solution of Badan
(dissolved in dimethylformamide) was added to a 10 mg/ml protein
solution. The reaction was allowed to take place for 20 h at 4 °C with
end-over-end rotation. The reaction mixture was desalted on a
polyacrylamide gel Econo-Pac 10DG desalting column (Bio-Rad) using
PBS, 1% OG, 1% glycerol, pH 7.4 as eluent buffer. The resulting
ﬂuorescently-labeled aquaporins were stored at 4 °C until use.
2.4. Preparation of large unilamellar liposomes and proteoliposomes
Liposomes for protein reconstitution were prepared by evaporation
of the chloroform from lipids by nitrogen gas, drying in under vacuum
in a glass desiccator for 2 h followed by rehydration in PBS containing
1.3% OG, pH 7.4 to a lipid concentration of 10 mg/ml. The liposomes
were extruded 21 times through a 200 nm polycarbonate ﬁlter using a
LIPEX barrel extruder (Northern Lipids Inc., Burnaby, BC, Canada).
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SoPIP2;1 or Badan-AqpZ were reconstituted by mixing with the
liposomes at a lipid-to-protein ratio (LPR) of 200. Protein concentra-
tions were determined by UV/Vis absorbance spectroscopy using the
extinction coefﬁcient at 280 nm of 46,660 M−1 cm−1 for SoPIP2;1 and
36,370 M−1 cm−1 for AqpZ. The mixed protein and liposome
solutions were dialyzed for 24 h in a dynamic microdialyzer dialysis
device (Spectrum Laboratories Europe, Breda, The Netherlands) using
a molecular weight cut-off of 10,000 Da and a dialysate ﬂow of 3 ml/
min. Dialysis was performed against PBS, pH 7.4. Control vesicles were
made in the same manner without protein. The resulting proteolipo-
somes or liposomes were stored at 4 °C until use.
2.5. Fluorescence spectroscopy
Fluorescence spectroscopy was performed using a Varian Cary
Eclipse ﬂuorescence spectrometer (Varian Inc., Palo Alto, CA, USA)
with λex (excitation wavelength) of 380 nm and emission recorded at
400 to 700 nm. Protein concentrations used were 0.25 mg/ml.
2.6. Circular dichroism (CD) spectroscopy
CD spectra were acquired with a Jasco J-815 spectrometer (Jasco
UK, Essex, UK). The sample temperature was controlled by a built-in
Peltier device to 25 °C. The spectra were collected with 20 nm/min
between 250 and 195 nm with a response time of 0.25 s and a data
pitch of 0.1 nm. Baselines were collected in the same manner and
spectra were baseline corrected. Cuvettes used were quartz with a
0.1 cm path length. Results were obtained in millidegrees (mdeg) and
subsequently converted to the mean residue ellipticity (MRE)
([θ]×mdeg cm2 dmol−1) based on 303 amino acid residues and a
molecular weight (Mw) of 32,511.7 g/mol for SoPIP2;1 or 264 amino
acid and a Mw of 27,234 Da for AqpZ. Protein concentrations used
were 0.25 mg/ml.
3. Results and discussion
3.1. SDS does not unfold reconstituted SoPIP2;1 and AqpZ
To measure the secondary structures of SoPIP2;1 or AqpZ in the
presence of SDS, reconstituted or aqueous detergent OG stabilized
proteins were titrated with increasing concentrations of SDS and the
CD spectra were recorded at equilibrium conditions for each
concentration.
E. coli total lipids consist of all the biological membrane
constituents of E. coli bacterial membranes, including sterols, fatty
acids and lysophospholipids. Thus, it can be viewed as a genuine
mimic of the natural membrane protein environment, albeit it is still a
model system. The secondary structure of SoPIP2;1 reconstituted into
E. coli total lipids showed a negative ellipicity band at 222 nm
compared to 208 nm (222/208 nm ratio N1). The secondary structure
of SoPIP2;1 in aqueous OG solutions showed nearly equal negative
ellipicities at 222 nm and 208 nm (208/222 nm ratio ~1), which
previously has been described as characteristic of predominantly
helical secondary structure of proteins and peptides in solution (Fig.
S1A) [20]. It means that the reconstituted secondary structure of
SoPIP2;1 differs from the detergent solubilized structure. This also
agrees with previous reports of SoPIP2;1 reconstitution and stability
[21].
In response to increasing SDS concentrations, the ellipicity proﬁle of
SoPIP2;1 reconstituted into E. coli total lipid liposomes changed in a
concentration dependent manner at 208 nm, while the ellipicity at 222
overall changed very little (Fig. 2A). The absolute ellipicity value at
208 nm increased from 0.03× SDS CMC (i.e. 0.25 mM SDS) to an
ellipicity maximum around 0.63× SDS CMC (i.e. 5 mM SDS), followed
by a decrease in the absolute ellipicity value from hereafter and to1.25× SDS CMC (i.e. 10 mMSDS) where a plateauwas reached (Figs. 1A
and 2A). Consistent with reported secondary structures of synthetic α-
helical coiled-coil peptide models [12], the ellipicity proﬁle of SoPIP2;1
can be interpreted in terms of a gradual transformation of SoPIP2;1
secondary structure from an initial coiled-coil helices arrangement to
single helices around 0.63× SDS CMC, which revert to comprise coiled-
coil helices with increasing SDS concentrations. This also implies that
the solubilization of reconstituted SoPIP2;1 proceeds through an
intermediate folding state until it is being completely solubilized by
the SDS molecules. SDS does not unfold SoPIP2;1 when the protein is
reconstituted into a lipid bilayer prior titration with SDS, but rather the
result interpretations suggest helical rearrangements.
Although, the sequence identity of SoPIP2;1 and AqpZ is 25%,
structural alignment of the crystal structures of SoPIP2;1 and AqpZ
exhibited a root mean square deviation of b1 Å, demonstrating major
similarities in secondary structure (Fig. S2). However, the CD spectra
of AqpZ reconstituted into E. coli total lipid bilayers or in OG detergent
solution differed in several aspects from that of SoPIP2;1 (Fig. 1 and
Fig. S1). Apparent helical content of reconstituted AqpZ was lower
compared to that of reconstituted SoPIP2;1, but the overall shape of
the spectrumwas similar to SoPIP2;1 andwith a 222/208 nm ellipicity
ratio N1 (Fig. 1). This indicated that the reconstituted protein
secondary structure of AqpZ was different from SoPIP2;1, but not
unfolded. This was substantiated by our observation that an abrupt
change in protein secondary structure of AqpZ E. coli lipid proteolipo-
somes was observed in the presence of SDS at a threshold of 0.31×
SDS CMC (i.e. 2.5 mM SDS) (Figs. 1B and 3A). The protein secondary
structure changes imposed at this threshold went from the recon-
stituted protein secondary structure to a structure similar to that of
the aqueous OG detergent stabilized state (Fig. S1B).
To gainmore insight into the protein secondary structure changes of
reconstituted membrane proteins in response to SDS we also
reconstituted SoPIP2;1 into 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) liposomes, because it comprises a single lipid species model
membrane and hence a more deﬁned lipid system. With DOPC
proteoliposomes the overall ellipicity change of SoPIP2;1 at 208 nm
was around 15% larger from the initial protein reconstituted state and
to 0.63× SDS CMC compared with E. coli total lipids (Fig. 2B).
Cholesterol increases the stiffness of the lipid bilayer, which changes
the lipid molecules packing around the protein residing in the lipid
bilayer [22,23]. A lipid composition of cholesterol:DOPC (3:7) resulted
in an overall ellipicity change of SoPIP2;1 at 208 nm that increased
around 17% at 0.63× SDS CMC compared to that of pure DOPC and 30%
compared to E. coli total lipids (Fig. 2A-C).
The inﬂuences of lipid species on reconstituted AqpZ secondary
structures in presence of SDS was different from SoPIP2;1. For
AqpZ reconstituted into DOPC liposomes the ellipicity change at
208 nm with a SDS concentration of 0.31× SDS CMC was 16% less
compared to that of E. coli total lipids (Fig. 3A-C). Instead of
reconstituting AqpZ into cholesterol:DOPC we reconstituted AqpZ
into 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) lipo-
somes and subsequently titrated the produced proteoliposomes
with SDS. DPhPC is a methyl-branched synthetic archaeal lipid
species, which exhibit a low ion leakage in lipid bilayers and has
fatty acyl packing and dynamics (as evidenced by MD simulations)
comparable to that of cholesterol–phospholipids mixtures [24–26].
Interestingly, the helical content of AqpZ reconstituted into DPhPC
liposomes was increased compared to protein reconstitution into
either E. coli total lipids or DOPC. Although, the secondary structure
also changed from the reconstituted state to a structure similar to
the OG stabilized state, the ellipicity changes was more subtle
compared to AqpZ reconstituted into E. coli total lipids or DOPC
(Fig. 3C). The overall ellipicity change at 208 nm was 31% less that
of DOPC and 42% less compared with E. coli total lipids.
Overall, the solubilization of reconstituted AqpZ by SDS is an
all-or-nothing response promoted at a speciﬁc SDS concentration
Fig. 1. Circular dichroism proﬁles of SoPIP2;1 and AqpZ E. coli lipid proteoliposomes titrated with SDS. SoPIP2;1 from spinach (A) and E. coli AqpZ (B) were reconstituted into E. coli
proteoliposomes and subsequently titrated with SDS. Spectra were recorded at equilibrium conditions proceeding 1 h incubation periods.
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from the reconstituted protein state to a structure similar to the
protein of aqueous detergent solutions. Lipid bilayer stiffness
affected AqpZ and SoPIP2;1 differently. Helical rearrangements of
SoPIP2;1 in response to SDS were more pronounced with increased
bilayer stiffness as evidenced with addition of cholesterol to DOPC
phospholipids. For AqpZ the secondary structure changes in
presence of SDS decreased with increased bilayer stiffness as
evidenced with DPhPC. The results combined with the fact that
these membrane proteins reside in plant or bacteria, respectively,
could imply that although they are similar in secondary structure
they have different lipid requirements. The Thomas Walz group
has reported very interesting details regarding lipid preferences ofFig. 2. Correlation of mean residual ellipicity and SDS concentration of SoPIP2;1 reconstituted
into SoPIP2;1 reconstituted into proteoliposomes with lipid compositions: A) E. coli tot
C) cholesterol:DOPC (3:7 mol/mol). D) Shows the SDS titration MRE proﬁle of the OG deteaquaporin-0 from the eye lens [27,28], and it would be very
interesting to further look into the speciﬁc lipid preferences for
aquaporin isoforms.
3.2. SDS does not unfold AqpZ but partly unfolds SoPIP2;1 in OG
detergent solutions
In comparison to reconstituted AqpZ, SDS did not promote notable
secondary structure changes with any concentration (from 0.03× to
12.5× CMC) when AqpZ was in the aqueous OG detergent solubilized
state (Fig. 3D). This is consistent with previous published SDS PAGE
experiments with AqpZ, which showed that AqpZ structure was
resistant to SDS [29]. In contrast, SDS promoted decreased ellipicityor aqueous detergent solubilized. Mean residual ellipicity (MRE) proﬁles of SDS titrated
al lipids, B) 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) proteoliposomes and
rgent solubilized state of SoPIP2;1. Sample protein concentrations were 0.25 mg/ml.
Fig. 3. Correlation of mean residual ellipicity and SDS concentration of AqpZ reconstituted or aqueous detergent solubilized. Mean residual ellipicity (MRE) proﬁles of SDS titrated
into AqpZ reconstituted into proteoliposomes with lipid compositions: A) E. coli total lipids, B) DOPC proteoliposomes, or C) 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC).
D) Shows the SDS titration MRE proﬁle of the OG detergent solubilized state of AqpZ. Sample protein concentrations were 0.25 mg/ml.
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CMC reaching a plateau at 1.25× CMC (Fig. 2D). The overall ellipicity
decrease was subtle (16% of initial ellipicity value), indicating partial
unfolding of SoPIP2;1 in presence of SDS in aqueous detergent
solutions (Fig. 2D). Clearly there is a discrepancy between folding data
obtained for membrane proteins in aqueous detergent solutions and
that of reconstituted proteins. This could question the physiological
relevance of obtaining detailed information of free energy changes of
protein folding in detergent micelle or detergent/lipid bicelle
solutions.Fig. 4. Superimposition of the ﬂuorescent probe Badan with surface exposed cysteines
of the structures of SoPIP2;1 and AqpZ. A) Top view and B) Side view of SoPIP2;1
conjugated with Badan. C) Top view and D) Side view of AqpZ conjugated with Badan.
Badan superimposition was performed with PDB structures of the resolved open
tetramer structure of SoPIP2;1 (PDB: 2B5F) or the tetrameric crystal structure of AqpZ
(PDB: 2ABM).3.3. Fluorescent probing of hydrophobic interactions in protein TM
regions
To address hydrophobic interactions of protein TM spanning
regions in response to SDS, surface exposed cysteines of native
SoPIP2;1 or AqpZ were conjugated with the ﬂuorescent polarity
sensitive Badan probe. Badan shifts emission spectra upon local
environment polarity changes; the emission of Badan is red-shifted
followed by a concomitant ﬂuorescence intensity decrease in
response to increased polarity, whereas the opposite is the case
with decreased polarity [30]. The Badan spectral emission wavelength
shifts inferred by polarity changes can be up to ~100 nm, which
compared to the intrinsic tryptophan ﬂuorescence, is large. This high
degree of polarity sensitivity may enable a detailed examination of
protein–lipid interactions at TM regions of membrane proteins
[31,32].
Crystal structures of aquaporin isoforms show that several aqua-
porins, including SoPIP2;1 and AqpZ, contain surface exposed cysteines
that are located in the protein TM region (Table S1). The crystal structure
of SoPIP2;1 revealed that Cys127 and Cys132 were both positioned in
the acyl–acyl interface, relative to the lipid bilayer membrane, while
Cys9 of AqpZ was located at the acyl-phospholipid headgroup interface.The difference in lateral position between SoPIP2;1 Cys127 and Cys132
is very close, meaning that labeling of both or either of the two cysteines
would likely result in similar Badan polarity sensitivity. However, it is
likely only Cys132 that is available for chemical conjugation reactions,
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and Trp246 and Phe227, respectively (Fig. S3). The superimposition of
deduced Badan conjugation of SoPIP2;1 and AqpZ structures are shown
in Fig. 4.
The presence of cysteines in the aquaporin membrane TM regions
makes it possible to probe lipid–protein interactions without the need
of performing site-directed mutagenesis to introduce strategically
positioned cysteines. Badan was chosen for labeling reactions due to
its polarity sensitivity, but also because it is a very small ﬂuorescent
probe not much larger than a tryptophan residue. The latter
signiﬁcantly decreases the likelihood that probe conjugations affect
folding or function. Indeed, the Badan group of conjugated SoPIP2;1 or
AqpZ did not cause structural alterations compared to the native
protein secondary structure (Fig. S4).
Although the dye/monomer ratio would be expected to be ~1,
we found a Badan dye labeling degree of around 0.5 mol dye/
monomer SoPIP2;1 and 0.4 mol dye/monomer AqpZ, respectively,
indicating that not all of the Cys132 of SoPIP2;1 or Cys9 of AqpZ
were accessible for the conjugation reactions. A reason for this
could of course be due to the presence of disulﬁde bridges.
Shielding of the surface exposed cysteines by detergent could also
explain this observation. In support, the 2.5 Å X-ray structure of
AqpZ revealed that an OG molecule was bound to hydrophobic TM
regions of each monomer of the tetramer structure [33]. This was
further substantiated by our observation that 20 h labeling times
were necessary to obtain the above mentioned dye labeling
degrees, a process that for soluble proteins normally proceed to
completion within minutes [34,35].Fig. 5. SDS induced Badan ﬂuorescence emission changes of reconstituted SoPIP2;1 and AqpZ
(A) and Badan-AqpZ (B); and into DOPC with Badan-SoPIP2 (C) and Badan-AqpZ (D). Sam
excitation at 380 nm and emission collected from 400 to 700 nm.3.4. Polarity changes in TM regions of reconstituted aquaporins in
response to SDS
The relative positions of the Badan probe of conjugated SoPIP2;1
and AqpZ reconstituted into lipid bilayers were reﬂected by the
ﬂuorescence emission wavelength maxima. Baseline values for Badan
ﬂuorescence emission wavelength maxima are around 440 nm in
apolar solvents and 550 nm in water. Reconstituted Badan labeled
SoPIP2;1 had ﬂuorescence emission maxima around 447 nm in E. coli
total lipids and 454 nm in DOPC liposomes (Fig. 5A and C), while Badan
labeled AqpZ had ﬂuorescence emission maxima around 471 nm or
492 nm, respectively, in the corresponding E. coli lipids or DOPC
proteoliposomes (Fig. 5B and D). This is in line with the expected
positioning of the SoPIP2;1 Badan group positioned in the acyl–acyl
region of the lipid bilayer compared to the Badan group of AqpZ
expected to be located in the phospholipid acyl-phosphate headgroup
interface of the lipid bilayer. Moreover, this indicated that the Badan
label of reconstituted aquaporins was very sensitive to the changes in
the polarity of the micro environment around the Badan group of both
proteins.
In presence of SDS, polarity in the protein TM region initially
decreased as evidenced by an increased ﬂuorescence emission yield
and a blue shifted spectra of Badan labeled SoPIP2;1 as well as AqpZ.
The SDS concentration where the environment of the protein TM
region became most apolar, as measured by Badan, differed between
the two proteins (Fig. 5). For reconstituted Badan labeled SoPIP2;1
this occurred at 0.06× SDS CMC (i.e. 0.5 mM SDS), followed by
gradually increase in polarity until 0.13× CMC (i.e. 1 mM SDS). At. Equilibriummeasurements of SDS titration into E. coli total lipids with Badan-SoPIP2;1
ple protein concentrations were 0.25 mg/ml. Fluorescence spectra were recorded with
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CMC concentrations (Fig. 5A and C). With higher SDS concentrations
the TM region polarity reached a plateau around SDS CMC and up to
concentrations of 12.5× CMC (100 mM) (Fig. 5A, C and Fig. S5A). For
Badan labeled AqpZ the polarity changes at low SDS concentrations
were more pronounced than for SoPIP2;1. The most apolar situation
occurred with 0.31× SDS CMC. At 0.63× SDS CMC a large red shift
occurred, meaning that the polarity of the protein TM regions
increased substantially at this concentration. With increased SDS
concentrations the polarity increased gradually up to 12.5× SDS CMC
(Fig. 5B, D and Fig. S5B).
Combined the results demonstrated that the presence of SDS
molecules at low concentrations leads to increased hydrophobic
interactions in the protein TM regions of reconstituted membrane
proteins. SDS detergent solubilization of the lipid membranes appears
around 0.63× SDS CMC as evidenced by the concomitant large Badan
red shift at this threshold, which was observed for both reconstituted
Badan-SoPIP2;1 and Badan-AqpZ (Fig. 5). The Badan ﬂuorescence
emission red shifts imposed by SDS are caused by detergent
solubilization and not related to protein unfolding per se as evidenced
by CD spectroscopy (Figs. 2 and 3).
Hydrophobic interactions in protein TM regions were related to
lipid bilayer stiffness. The largest hydrophobicity interactions experi-
enced by SoPIP2;1 TM regions in response to low SDS concentrations
occurred with the protein reconstituted into cholesterol:DOPC (3:7)
liposomes (Fig. S5A) as compared to E. coli lipids or DOPC liposomes.
Similarly, AqpZ reconstituted into DPhPC liposomes also experienced
the largest TM hydrophobic interactions at the low SDS concentrations
(Fig. S5B). This demonstrates that increased lipid bilayer stiffness
results in increased packing of molecules (lipid and/or detergent)
around the protein TM regions in response to low SDS concentrations
(b0.5 SDS CMC). The hydrophobic TM region interactions experienced
with low SDS concentrations were much more pronounced for AqpZ
with the Badan positioned in the phospholipid headgroup interface
compared to SoPIP2;1 where the probe is positioned in the acyl–acyl
region. This indicates that the packing of lipid and/or detergent
molecules in response to low SDS concentrations is denser in the
phospholipid headgroup interfacial region compared to the interior
region of the lipid bilayer.
3.5. Displacement of OG by SDS at TM regions differs for SoPIP2;1 and
AqpZ
SDS interactions with TM regions of OG detergent stabilized
Badan-SoPIP2;1 in aqueous solutions led to increased hydrophobicity
at low SDS concentrations, which is consistent with the results of
reconstituted SoPIP2;1 (Fig. 6A). The largest degree of hydrophobicityFig. 6. SDS induced ﬂuorescence changes of Badan labeled SoPIP2;1 and AqpZ in aqueous so
octyl-β-D-glycopyranoside aqueous solution. Sample protein concentrations were 0.25 mg/m
from 400 to 700 nm.was observed around 1× SDS CMC (8 mM), and with increased SDS
concentrations gradual Badan spectral red shifting occurred up to
12.5× SDS CMC consistent with gradually increased hydrophilicity.
This demonstrated that OG above SDS CMC is being displaced from the
protein TM regions by SDS. For AqpZ the interactions of SDS with
protein TM regions in aqueous OG solutions were different from
SoPIP2;1 (Fig. 6B). This is likely related to a higher binding afﬁnity of
AqpZ with OG detergent molecules.
The X-ray crystal structure of AqpZ was resolved with OG
molecules bound to the hydrophobic protein TM regions [33]. A likely
scenario is the persistence of the SDS/OG bicelle interactions around
the TM regions of detergent solubilized AqpZ titrated with SDS, which
could explain the different ﬂuorescent emission spectra compared to
SoPIP2;1 in response to SDS. These results combined with the CD
spectroscopy data further indicate a difference in lipid requirements
between AqpZ and SoPIP2;1.
3.6. Concluding remarks
Admittedly biological membranes are very complex entities, and
this presents a major obstacle for our understanding of how integral
membrane proteins interact with their host membranes. This
necessitates the use of simpler model systems in which lipid–protein
interactions can be investigated. Due to the hydrophobic coupling
between the TM regions of membrane spanning proteins and the
lipids surrounding the protein, the hydrophobic interactions between
protein TM regions can be modulated by changes in the surrounding
bilayer as demonstrated in this study. Speciﬁcally SDS can be seen as a
‘lipid-like’ amphiphile which causes protein-dependent helical rear-
rangements of SoPIP2;1 and AqpZ and this may provide insight into
the mechanisms of how lipids generally can inﬂuence folding
propensity. The model systems can also be regarded as prototypical
biomimetic membranes where the composition can be controlled
thus allowing for modulation of protein folding and thereby function
in a biomimetic application [36].
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